Conductive ferroelectric domain walls ⎯⎯ ultra-narrow and configurable conduction paths, have been considered as essential building blocks for future programmable domain wall electronics. For applications in high density devices, it is imperative to explore the conductive domain walls in small confined systems while earlier investigations have hitherto focused on thin films or bulk single crystals, noting that the size-confined effects will certainly modulate seriously the domain structure and wall transport. Here, we demonstrate an observation and manipulation of conductive domain walls confined within small BiFeO3 nano-islands aligned in high density arrays. Using conductive atomic force microscopy (CAFM), we are able to distinctly visualize various types of conductive domain walls, including the head-to-head charged walls (CDWs), zigzag walls (zigzag-DWs), and typical 71° head-to-tail neutral walls 
currents along with long retention time, by utilizing retractable partially switched domain walls. [29] In spite of these fascinating properties in association with wall conduction, major obstacles that hinder their further applications remain and reports on highly promising prototype devices are yet rare. The previously proposed device prototypes based on FEDWs in films and single crystals usually have the lateral architectures with low integration density, [28, 29] and it is known that for high density scaling up technique, perpendicular
architectures (e.g. ferroelectric/resistive random-access memory) based on nanostructures are much preferred. Besides, it is still a tricky issue to deterministically tailor the wall conduction states for on-demand applications in devices. These issues could be well addressed if the conductive FEDWs can be constrained in small nano-dots/nano-islands. Such a strategy does enable the device scaling-up to ultrahigh density, but the size-confinement and surface effects of nanostructures certainly make the wall conductiion states very different. If these additives are well understood and controlled, the FEDW conduction as a novel functionality would be offered an additional degree of freedom. In fact, recent studies did reveal some unique exotic domains such as flux-closure vortex and center-type topological states in nanoscales ferroelectrics, [30] [31] [32] [33] [34] [35] [36] [37] which also add more ingredients into the enthralling DW functionalities.
In view of the tantalizing properties in both domain wall conductance and nano-ferroelectrics, it is ofhighly promising and extremely important to look into the FEDW conduction behaviors in size-confined nanostructures. This is the major motivation of the present work.
In this work, we report the observation and manipulation of conductive domain walls confined in epitaxial BiFeO3 (BFO) nano-islands (see Figure 1 ). The main results can be highlighted from several aspects. First, we have identified various types of conductive domain walls including zigzag-like wall, head-to-head CDW, and neutral domain wall (NDW) inside individual nano-islands. These walls exhibit markedly different conductive behaviors, like quasi-2D metallic behavior for head-to-head CDW, and semiconducting behavior for NDW.
various external electric bias, allowing predesign control of conduction states in individual nano-islands, highly advantageous for multi-level wall conductivity memory with perpendicular device architecture.
Results and Discussion
Fabrication of BFO nano-islands. The BFO nano-island arrays under investigation were patterned from high quality epitaxial BFO films (~ 35 nm in thickness) via a nanosphere lithography technique using polystyrene (PS) nano-sphere template. [35] A schematic fabrication procedure is illustrated in Figure S1 (the Supporting Information). First, the wellpacked monolayer of PS spheres was transferred onto the BFO epitaxial film surface, and then these nano-spheres were subjected to size shrinkages by oxygen plasma to develop discrete ordered array as template mask for patterning. Subsequently, the as-prepared product was etched by Ar ion beam, and finally the PS mask was lift-off by chloroformic solution, generating the well-ordered nano-island array, as shown in the scanning electron microscopy (SEM) image of Figure 1 (a). The X-ray diffraction (XRD) -2 spectrum of the sample, given in Figure 1 (b), shows the good epitaxy structure, reflected by the diffraction peaks from the substrate STO (002), bottom electrode SRO (002), and BFO (002), and further confirmed by the (103) reciprocal space map (RSM) shown in Figure 1 (c). We can also obtain that the inplane and out-of-plane lattice parameters of the BFO nano-islands are a = b = ~ 0.391 nm and c = ~ 0.406 nm, comparable with those from in-plane compressively strained BFO. [29] Domain structures and wall conduction. To see the domain wall conduction behaviors, these nano-islands were examined using conductive atomic force microscopy (CAFM) and To careful examine the domain structures of the nano-islands, we perform a vector PFM measurement by involving both vertical-PFM and lateral-PFM scanning before and after a 90° rotation of the sample. These piezoresponse images allow us to construct the 3D piezoresponse vector contour, following the vector PFM analysis method proposed by Rodriguez and Kalinin et al. [38] An example for the nano-islands at pristine state is shown in Figure S4 in Supporting Information, while two representative domain states for individual nano-islands are given. The most popular state is presented in Figure S3 (g) with a clear zigzag domain wall from the lateral component of polarization. The second most popular state exhibits two sets of zigzag walls with intersection to some extent (see Figure S3 (h)), wherein the overlapped region forms an anti-vortex structure. The domain structures of nano-islands can be well switched by using a scanning bias of -3.5 V, as reflected by the apparent contrast change in both vertical and lateral PFM images (see Figure S4 ).
It is also noted that if the walls at the pristine state (with downward polarization, shown in Figure S3 ) exhibit faint CAFM contrast with small conduction close to the noise level (see Figure S2 (a,b)). However, once a region of nano-island array was electrically poled with a -3.5 V voltage (with upward polarization), the conducting paths show much better contrast and thus much higher current density. The different conductive levels between the upward and downward polarization states of the nano-islands, is likely due to the polarization modulated resistive switching behavior. As shown in Figure S5 , the domain walls with downward polarization states shows very low conduction level, in contrast to the high conductive FEDW for upward polarization states. Therefore, we will mainly focus on the domain walls in upward polarization states in the following sections.
To illustrate the one-to-one correspondence between the walls and conduction paths, both the PFM and CAFM images on a nano-island region which was previously downwardswitched using a bias of -3.5 V are shown in Figure 2 . Figure To carefully examine the wall conduction, we pick out two nano-islands with typical domain structures (marked with dashed circles in Figure 2 (a-c)) for a detailed discussion.
Their CAFM images together with a complete set of PFM images are illustrated Figure 2 Temperature dependent of conduction behaviors. Subsequently, we discuss the conduction mechanisms of these walls by checking the temperature (T) dependent conduction, as shown in Figure 3 . The CAFM maps for the CDW and NDW measured at various T, as presented in Figure 3(a-b) , suggest a gradual decrease in current density for the CDW while a monotonous increase for the 71° NDW with increasing of temperature. This also implies that the CDW is electrically metallic and the NDW is semiconducting, as further confirmed by the current profiles shown in Figure 3 (c-d) and the I-T curves shown in Figure 3 (e) for both types of walls. While the data for the NDW may not be sufficient for a reliable conclusion of the transport mechanism, a thermionically activated semiconducting behavior can be argued. It should be mentioned that the results reported here are of generality and applicable to almost all nano-islands of our samples. The metallic conduction of the head-to-head CDW is somewhat similar to earlier observations on BaTiO3 single crystals and La-doped BFO films. [20, 24] Currently, there have been proposed several mechanisms to interpret the wall conductivity, including the band bending, defects, and local lattice distortion among others, noting that no general agreement so far has been reached. [16] [17] [18] [19] [20] Here, the identified metallic conduction of these CDWs can be associated with the quasi-2D electron gas of these walls due to the effective compensation of bound polarization charges by the accumulated charges. [20] This can also be understood by the band bending at the CDW induced by the uncompensated polarization charges, which leads to a dramatic drop of the conduction band below the Fermi-level, thus resulting in the metallic behavior. In contrast, only a small drop in conducting band occurs at the NDW, leading to no more than the slightly enhanced conductivity.
Manipulation of wall conduction states. Given the established one-to-one correspondence between the domain wall type and conductivity, it is proper to address how the wall conduction state can be manipulated by switching the wall from one type to another, which is key for the promising data memory devices. The capability to manipulate the walls and their conduction states by electric field is the most straightforward and simple approach.
For realizing this target, various bias-voltage scanning trials were performed on these nanoislands, and the main results are highlighted in Figure 4 .
The domain structure and wall conduction for a nano-island at the pristine state (no electrical bias) is shown in Figure 4 (a): typical zigzag walls consisting of 71° NDW and tailto-tail CDWs, with rather low wall conduction current (< 2 pA) over the whole nano-island.
In addition, an electrical bias can change the domain structure remarkably in the repeatable way and thus the domain wall conduction state, allowing programmable and pre-designable To find out the driving forces for electric control of different conductive domain wall states, in particular the CDW, we perform a scanning Kelvin potential microscopy (SKPFM) measurement to probe the surface potential distribution on a nano-island. Figure 5 show surface potential (SKPFM) and corresponding CAFM maps for nano-islands with various conductive domain wall states. Among them, the nano-island carrying a head-to-head CDW exhibits the lowest surface potential, and the region adjacent to the CDW also shows a relatively low surface potential in contrast to the rest region in the same nano-island (see Figure 5(b) ). This suggests that the bias-induced electron injection and trapping, reflected by the lower surface potential, likely responsible for the CDW formation. The trapped electron charges can compensate the unbalanced polarization bond-charge at the CDW and lower the formation energy, and simultaneously assist with the external bias field to trigger the nucleation CDW. At the same time, the electron charges at CDW could also lead to dramatic lowering of the conducting band, thus leading to the high conductive metallic CDWs.
On the other hand, for the nano-islands with less trapped charge density, i.e. relatively higher surface potential, zigzag state or 71°-NDW with small portion of CDW can be favored, see Figure 5 (c,d). This further support that the above highlighted domain wall states (shown in Figure 4 ) could also be driven by different levels of charge injection/trapping, which can be easily modulated by external bias. As the domain wall patterns can greatly determine the domain wall conduction state in a nano-island, our observation provides a simple route to tailor the conduction states of individual nano-islands, via electrical tuning of various domain wall states.
Conclusions
In summary, we have observed various types of conductive domain walls confined in high density array of BFO nano-island, including CDWs, head-to-tail NDWs, and unique zigzag- 
Experimental Section
Fabrication of nanodot arrays. The fabrication procedure for the nano-island arrays have been illustrated in the schematic flowchart in Figure S1 in Supporting Information, which is based on nanosphere patterning on well-epitaxial BFO thin films. In brief, the epitaxial 
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High-density ferroelectric nano-island array can be repeatedly and highly reliably produced, where each island contains certain domain walls whose types and shapes can be well controlled by electric bias, and the wall conduction states can also be switched from one to another in a programmable sequence. This finding make it possible to electrically control the conductive states through domain wall engineering. 
